Abstract-Precursor plasmas from low wire number cylindrical wire arrays (CWAs) were previously shown to radiate at temperatures >300 eV for Ni-60 (94% Cu and 6% Ni) wires in experiments on the 1-MA Zebra generator. Continued research into precursor plasmas has studied additional midatomic-number materials including Cu and Alumel (95% Ni, 2% Al, 2% Mn, and 1% Si) to determine if the >300 eV temperatures are common for midatomic-number materials. In addition, current scaling effects were observed by performing CWA precursor experiments at an increased current of 1.5 MA using a load current multiplier. The results show an increase in a linear radiation yield of ∼50% (16 versus 10 kJ/cm) for the experiments at increased current. However, plasma conditions inferred through the modeling of X-ray time-gated spectra are very similar for the precursor plasma in both current conditions.
I. INTRODUCTION

Z
-PINCHES are efficient X-ray generators and are of interest to many disciplines including high energy density physics [1] , inertial confinement fusion [2] , and astrophysics [3] . Precursor plasmas from cylindrical wire array (CWA) Z-pinches have been studied for their role in wire implosion dynamics and their potential to preheat a target for inertial confinement fusion [4] . The properties of precursor plasma columns were described in the most detail by the experiments performed on Mega Ampere Generator for Plasma Implosion Experiments (MAGPIE) [5] - [7] . MAGPIE is a ∼1-MA machine with a 240 ns rise time. The MAGPIE experiments studied a wide range of materials from Al to W . Electron temperatures for Al precursor columns were inferred to be ∼50-60 eV using radially resolved extreme ultraviolet spectra [5] , [7] ; however, electron temperatures for higher atomic number materials were not estimated. Precursor plasmas from low wire number Ni-60 (94% Cu and 6% Ni) CWA Z-pinches on the 1-MA Zebra generator were shown to have electron temperatures >300 eV [8] . This paper reports the results from continued research of precursor plasma radiation. This research studies precursor columns from CWAs using additional wire materials primarily composed of mid-Z elements (Cu and Ni) to show a consistent trend of >300 eV electron temperatures. In addition, the current is increased to 1.5 MA to show the effects of current scaling on the precursor plasma conditions.
II. EXPERIMENTAL DETAILS
CWA precursor experiments were performed on the Zebra generator at the Nevada Terawatt Facility of the University of Nevada, Reno. The Zebra generator is a pulsed power machine capable of creating 1 MA of current with a 100 ns rise time [9] . In addition, a load current multiplier (LCM) can be attached to increase the current to 1.5-1.7 MA [10] . The Zebra generator was used to implode six wires evenly distributed in a cylindrical pattern with a 12 mm diameter. The wires ranged between 10 and 15 µm diameters and were primarily composed of mid-Z materials: 10-µm Cu and 10-µm Alumel (95% Ni) for 1-MA and 15-µm Ni-60 (94% Cu) for 1.5-MA experiments. The experiments performed using the standard 1 MA current had a 2-cm anode to cathode gap, while the experiments using the enhanced current of 1.5 MA had a 1-cm anode to cathode gap. A full set of diagnostics was applied to each shot including multiple diodes with cutoff energies in the extreme ultraviolet (EUV) range to the hard X-ray range, X-ray time-gated pinhole (TGPH) camera and spectrometer, X-ray time integrated spatially resolved pinhole camera and spectrometer, and a bolometer. The important diagnostics that will be shown are a calibrated 8-µm Be-filtered (>750 eV) photo conducting diode (PCD), a bare Ni bolometer (10 eV to 4-5 keV), X-ray TGPH camera (>1 keV), and X-ray time-gated spatially integrated spectrometer with a potassium hydrogen phthalate crystal and filter (2 µm polypropylene, 0.6 µm Al, and 8 µm kapton) projected onto the film. The TGPH images and time-gated (TGSP) have a 3.4 ns exposure time.
III. Cu CWA AT 1 MA CURRENT The first experiment performed was a Cu CWA. This experiment produced a total radiation yield measured by 0093-3813 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. the bolometer of 20 kJ. The linear radiation yield can be determined by normalizing the total radiation yield with the 2-cm anode to cathode gap giving a value of 10 J/cm. Fig. 1 (a) shows PCD and current signals for the 1-MA Cu CWA. The total energy measured by the PCD was 470 J, which is estimated by integrating the PCD signal from the first rise of the signal to when the signal returns to noise. The integrated value is then multiplied by a calibration constant for the diode. The portion due to the precursor was 14 J or 3%, calculated from the first rise in the signal for the precursor to the end of the drop in the signal for the precursor. The PCD signals show a small peak [4-ns full-width at half-maximum (FWHM)] at about −20 ns that increases and decreases before a much more intense peak, which is the reference point of the graph. The small peak is due to radiation from the precursor, confirmed by the X-ray pinhole images, while the high-intensity peaks that follow are from the implosion of the wires. Timings for X-ray TGPH images and TGSP are displayed. The X-ray TGPH images and TGSP were set to trigger during the precursor peak and lead into the wire implosion. Fig. 1(b) shows the X-ray TGPH images for >1 keV energies and the time relative to the first PCD peak from the wire implosion. The first pinhole image, which occurs at approximately −34 ns, shows a thin precursor plasma column, an estimated diameter of 1 mm, with pronounced magnetohydrodynamic instabilities [8] . This column grows in intensity adding a less intense cloud around the column, drops in intensity, and then breaks up around −16 ns. A new column begins to form at −10 ns and becomes an intense column at −5 ns. The clear portion in the middle of the last pinhole image is due to a defect in the MCP. Fig. 2 shows the X-ray TGSP with timings. The X-ray TGSP start at −29 ns with only small signals of L-shell Cu radiation. The next frame shows prominent L-shell Cu radiation, which increases in the following frame and then disappears afterward. In the final two frames, the L-shell Cu returns with increasing intensity and strong background radiation as the wires reach the center. Line-outs were taken for each frame during the precursor phase and modeled using a nonlocal thermodynamic equilibrium (non-LTE) kinetic model. The Cu model focuses on L-shell transitions and is described in [11] . The model parameters were chosen by matching the intensity of the 4C and 4D (4-2 Ne-like transitions) lines for scaling. Then, the electron density parameter was adjusted to match the 3A (3-2 Ne-like transition) line, while the electron temperature was adjusted to match the F-like (3-2 F-like transitions) lines on the high-wavelength side of the 3A transition. The modeling suggests electron temperatures starting at 320 eV for the first precursor spectrum and rising to 380 eV for the last precursor spectrum before the L-shell Cu disappears. The electron density starts at 5 × 10 19 cm −3 and rises to 1 × 10 20 cm −3 . By combining the plasma size from the pinhole images with the electron density from the modeling, an estimation of the L-shell radiating mass can be made. This modeling suggests the higher electron temperatures for precursor plasmas from Ni-60 CWAs are also found for pure Cu CWAs.
IV. ALUMEL CWA AT 1 MA CURRENT Alumel is an Ni alloy with 95% Ni, 2% Al, 2% Mn, and 1% Si. Alumel CWA experiments were performed for comparison with other mid-Z materials, and a typical example is shown. The total radiation yield for the Alumel CWA experiment was 17 kJ (repeatable to 15%) or 8.5 kJ/cm. The PCD and current signals for the Alumel CWA experiment can be observed in Fig. 3(a) . Alumel CWAs show much more prominent precursor radiation (11-ns FWHM) relative to the main implosion. In the PCD signal, the strong precursor radiation peaks at approximately −35 ns and decreases before the main implosion, which first peaks at the origin. The total energy measured by the PCD was 566 J, with the precursor providing 70 J or 12%. The X-ray TGPH images and TGSP were triggered to start early in the formation of the precursor column and record the evolution of the plasma until the PCD signal rise attributed to the beginning of the main implosion. Fig. 3(b) shows the X-ray TGPH images with their timings. The pinhole images start with a high intensity column at −45 ns that grows more intense until −33 ns. The estimates of the size of the high-intensity region of the column suggest a diameter as big as 1.5 mm. The column is around 50% thicker for the Alumel experiment than the Cu experiment, and the instabilities of the Alumel precursor have a longer wavelength. After −33 ns, the column starts dispersing before the intensity begins to increase with the onset of the main implosion. As with the Cu CWA experiment, the last frame of the pinhole image is affected by a defect of the MCP in the middle.
In Fig. 4 , the X-ray TGSP record the early stages of precursor radiation as observed in the PCD signal and end with the PCD signal rise attributed to the beginning of the main implosion. The spectra show an increase and fade in intensity that correlates with the PCD signal. Non-LTE kinetic modeling of the L-shell Ni indicates an electron temperature of ∼400 eV for the earliest timing (−41 ns). The electron temperature then decreases to about 340 eV (−21 ns) before increasing to about 390 eV (−16 ns). The density was kept constant at 2 ×10 19 cm −3 , which is a common electron density for Z-pinch plasmas. This was done because there were not good density diagnostic lines in the spectral region available. The density was chosen by comparing the precursor energy measured by the PCD with the energy estimated using the theoretical spectrum and the size estimation of the precursor column. The electron temperature was determined by matching the line structures surrounding the 4C and 4D transition lines. The four most intense lines centered around 9.5 Å, and the lines near 9 Å are F-like transitions. The two lines between the F-like structures are Ne-like. Again, >300 eV temperatures are observed for a mid-Z material.
V. Ni-60 CWA AT 1.5 MA CURRENT Ni-60 (94% Cu and 6% Ni) CWA experiments were performed with the addition of the LCM to test the effect of current scaling on the precursor plasma. The LCM experiments require reducing the anode to cathode gap to 1 cm. The Ni-60 CWA experiments have a total radiation yield of ∼16 kJ (repeatable to 10%), or 16 kJ/cm for comparison with the 1-MA experiments. The PCD and current signals for a typical experiment can be observed in Fig. 5(a) . A strong precursor peak (8-ns FWHM) similar to the Alumel CWA is observed in the PCD signals with a maximum around −30 ns. The total energy measured by the PCD was 750 J, with the precursor Times are relative to the first PCD peak from the main X-ray burst. Anode to cathode gap is 1 cm. Fig. 6 . X-ray TGSP for Ni-60 CWA. Times for spectra are relative to the first PCD from the main X-ray burst. Spectra from precursor radiation are shown compared with modeling from a Cu non-LTE kinetic model with electron temperature (Te) and density (Ne) estimates. radiation accounting for 40 J or 5%. The signals also display the X-ray TGPH images and TGSP timings, which begin in the precursor radiation bump and end early during the radiation rise of the main implosion. The X-ray TGPH images are shown in Fig. 5(b) . The pinhole camera recorded two frames of strong radiation from a column, an estimated diameter of approximately 1.5 mm, followed by two frames of scattered small radiation spots. The final frames display strong radiation from a column along with scattered spots of radiation. This shows the change from precursor radiation to the beginning of the main implosion radiation.
In Fig. 6 , the X-ray TGSP began recording during the peak of the precursor plasma radiation. The intensity of the spectra decreases with the fall in radiation and mostly disappears by the fourth frame. This continues until the end when the spectrum returns with the rise of the radiation from the main implosion. Modeling of L-shell Cu was matched to the three frames connected to the precursor plasma. The small percentage of Ni was not enough to affect the L-shell spectra. The modeling suggests electron temperatures starting at approximately 360 eV, which drops to 310 eV in the next frame. The last precursor spectrum shows a rise in temperature to 330 eV. The electron density follows a reverse trend starting at 3 × 10 19 cm −3 and increasing to 9 × 10 19 cm −3 before dropping to 1 × 10 19 cm −3 .
VI. CONCLUSION
The recent experiments of midatomic-number CWAs have shown a consistent trend of >300 eV temperatures for the precursor plasma. X-ray TGPH images were able to record the full evolution of the precursor plasma for Cu and Alumel CWAs. The pinhole images recorded the instabilities of the columns and a correlation of intensity with peaks in the PCD signal. The estimates of the size of the precursor column suggest diameters around 1 mm for the Cu CWA and 1.5 mm for the Alumel CWA. The pinhole images also show radiating mass surrounding the intense precursor column that varies with material and current. The Cu CWA precursor plasma has very little radiation outside the intense column, while the Alumel CWA has a consistent cloud of radiating mass. The PCD signal indicates a significant material dependence for radiation intensity from precursor plasmas that correlates with the results from the pinhole images. The Cu CWA precursor plasma amounted to 3% of the total radiation measured by the PCD, while the Alumel CWA precursor plasma accounted for 12%. The L-shell radiating mass from the precursor plasmas was up to 2% of the total mass, which is consistent with [8] . The material also affected the duration of the precursor radiation. The Cu CWA has the shortest precursor duration with a 4-ns FWHM, and the longest precursor duration was from the Alumel CWA with an 11-ns FWHM. The modeling suggests the Alumel precursor plasma had temperatures slightly higher than the Cu precursor plasma and they lasted for a longer duration. Combining all these results, the Alumel CWA was the best precursor radiator.
Our experimental results from Ni-60 CWAs at 1.5 MA and the Ni-60 experiments at 1 MA done in [8] are analyzed to display the effects of current scaling on the precursor plasma column. TGPH images for the experiments performed at 1.5 MA recorded precursor column diameters of ∼1.5 mm, while the experiments performed at 1 MA varied between 1 and 1.5 mm. The radiated energy of the 1.5-MA precursor plasma measured by the PCD (>750 eV) was 40 J compared with 28 J (>1000 eV) for the 1-MA precursor plasma. The difference in radiation from the precursor plasma becomes more significant when considering the differences in anode to cathode gaps (1 cm for 1.5 MA and 2 cm for 1 MA). Modeling of the TGSP suggests electron temperature conditions were similar for both the 1-and 1.5-MA experiments. However, the electron density for the 1.5-MA precursor plasma varied between 1 × 10 19 and 9 × 10 19 cm −3 , while the 1-MA experiments were consistently ∼1×10 19 cm −3 . Comparing the plasma conditions from each set of experiments suggests the increased current created a typically larger precursor column with nearly similar electron temperatures and higher electron densities leading to more radiation from the precursor plasma.
Future work will look into alternate arrays of mixed mid-Z wires and Al wires to study the effects of nonuniformity on precursor plasmas. The focus will be looking for hightemperature Al in the precursor column due to warming from the mid-Z material as well as comparing the precursor properties to both uniform mid-Z and Al CWAs.
